he study of inherited susceptibility to cancer has been one of the most informative areas of research in the past decade. Most of the cancer genetics studies have been focused on the common tumors such as breast and colorectal cancers. As the allelic architecture of these tumors is unraveled, research attention is turning to other rare cancers such as glioma, which are also likely to have a major genetic component as the basis of their development. In this brief review we discuss emerging data on glioma whole genome-association searches to identify risk loci. Two glioma genome-wide association studies have so far been reported. Our group identified 5 risk loci for glioma susceptibility (TERT rs2736100, CCDC26 rs4295627, CDKN2A/CDKN2B rs4977756, RTEL1 rs6010620, and PHLDB1 rs498872). Wrensch and colleagues provided further evidence to 2 risk loci (CDKN2B rs1412829 and RTEL1 rs6010620) for GBM and anaplastic astrocytoma. Although these data provide the strongest evidence to date for the role of common low-risk variants in the etiology of glioma, the single-nucleotide polymorphisms identified alone are unlikely to be candidates for causality. Identifying the causal variant at each specific locus and its biological impact now poses a significant challenge, contingent on a combination of fine mapping and functional analyses. Finally, we hope that a greater understanding of the biological basis of the disease will lead to the development of novel therapeutic interventions.
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The study of inherited susceptibility to cancer has been one of the most informative areas of research in the past decade. The major reasons this field of research has been, and will continue to be, of importance are as follows: (1) the identification of susceptibility genes provides a greater understanding of the biological mechanisms of tumors, offering potential targets for therapeutic interventions; and (2) the ability to identify those at increased risk is of immediate clinical relevance in terms of primary and secondary interventions. Furthermore, given the considerable difficulties in unambiguously identifying causative exposures for many cancers, genetic associations may continue to prove extremely valuable via the functional links they reveal, current etiological hypotheses they endorse, or new ones they suggest that merit testing via gene environment-specific hypotheses.
Most of the focus of cancer genetics during the past decade has been on the common tumors such as breast and colorectal cancers. As the allelic architecture of these tumors is unraveled, research attention is turning to other rare cancers such as glioma, which are also likely to have a major genetic component as the basis of their development.
INHERITED SUSCEPTIBILITY TO GLIOMA
Studies have consistently shown that the risk of glioma is elevated 2-fold in first-degree relatives of patients with glioma and other primary brain tumors. 1 At present, most cases of glioma cannot be explained by endogenous or exogenous causes. High doses of ionizing radiation and rare genetic syndromes are the only generally accepted well-defined risk factors, and they explain a small percentage of all glioma cases. The genetic basis of inherited susceptibility to glioma outside the context of a few rare mendelian cancer predisposition syndromes (ie, neurofibromatosis, LiFraumeni syndrome, and Turcot syndrome) is currently undefined. However, a model of disease susceptibility based solely on high-risk mutations seems unlikely, and, as with other cancers, much of the inherited risk is likely to be a consequence of the coinheritance of multiple low-risk variants, some of which will be common.
RECENT ADVANCES
The common disease/common variant hypothesis implies that conducting association analyses based on scans of single-nucleotide polymorphisms (SNPs) should be a powerful strategy for identifying low-penetrance genes for glioma.
Previous studies aimed at identifying low-penetrance variants for susceptibility to glioma have been based on a candidate gene approach formulated on preconceptions as to the role of specific genes in the development of the disease. Perhaps not surprisingly, most studies to date have evaluated only a restricted number of polymorphisms in a certain pathway, such as those influencing methylation, carcinogen metabolism, DNA repair, the cell cycle, or inflammation. Polymorphisms can affect protein function, promoter activity, messenger RNA stability, and splice variants and therefore can result in a change in the cellular ability to cope with DNA damage, which contributes to altered disease susceptibility. However, without a clear understanding of the biological mechanisms of predisposition, the definition of suitable genes for the disease is inherently problematic, making an unbiased approach to loci selection highly desirable.
Despite much research, no definitive susceptibility alleles have been unequivocally identified through association studies analyzing only a restricted series of candidate genes. As with many other cancers, positive associations have been reported for various polymorphisms in genes such as GST, MGMT, ERCC, and XRCC genes from small studies, but few of the initial positive results have been replicated in subsequent studies. The inherent statistical uncertainty of case-control studies involving just a few hundred cases and controls seriously limits the power of such studies to reliably identify genetic determinants that confer modest but potentially important risks.
After the sequencing of the human genome, largescale harvests of SNPs were conducted, and more than 10 million were documented (http://www.ncbi.nlm.nih.gov /SNP), along with smaller numbers of insertion/deletion and copy number polymorphisms. Patterns of linkage disequilibrium (LD) between SNPs have been characterized, allowing subsets of SNPs (tagging SNPs) to be selected that, through LD with other variants, capture a large proportion of the common sequence variation in the human genome (http://hapmap.ncbi.nlm.nih.gov). The highresolution LD maps now available (and hence comprehensive sets of tagging SNPs) coupled with the development of highly efficient analytical platforms allow genomewide studies for disease associations to be conducted in a cost-effective manner. This approach is agnostic and does not depend on prior knowledge of function or presumptive involvement of any gene in disease causation. Moreover, it avoids the possibility of missing the identification of important variants in hitherto unstudied genes.
By adopting this approach, we 2 and others 3 have used the genome-wide association study (GWAS) approach to identify novel susceptibility genes for glioma. In our study, we genotyped 550 000 tagging SNPs in a total of 1878 cases and 3670 controls, with validation in 3 additional independent series totaling 2545 glioma cases and 2953 controls. We have used publicly available controls, and they provide a cost-effective strategy for identifying genetic factors for many diseases. However, such public controls may not be useful for identifying gene environment factors because the environment of interest may not be available for these data sets. We identified 5 risk loci for glioma (shown in the Table and Figure) , namely, 5p15.33 (TERT, OMIM 187270), 8q24.21 (CCDC26, OMIM 613040), 9p21.3 (CDKN2A, OMIM 600160, and CDKN2B, OMIM 600431), 20q13.33 (RTEL1, OMIM 608833), and 11q23.3 (PHLDB1, OMIM 612834), and our results were in whole or in part based on the glioma GWAS data of Shete et al. 2 The second reported GWAS of glioma, conducted by Wrensch and colleagues, 3 was based on an analysis of 275 895 SNPs in 692 adult high-grade glioma cases and 3992 controls with a replication series of 176 high-grade glioma cases and 174 controls. This analysis provided further evidence to implicate the 9p21.3 (CDKN2A-CDKN2B) and 20q13.33 (RTEL1) variants.
The 8q24 risk variant localizes to intron 3 of CCDC26, a retinoic acid modulator of differentiation and death. Retinoic acid induces caspase-8 transcription through phosphorylation of cAMP response element binding protein and increases apoptosis to death stimuli in neuroblastoma cells and in glioblastoma cells with downregulation of telomerase activity. 4 Variation at 8q24.21 has been implicated in risk of a number of common tumors, including colorectal, 5 breast, 6 bladder, 7 and prostate 8 cancer. The 5p15.33 risk variation is defined by an SNP localizing to intron 2 of TERT, the gene for the reverse transcriptase component of telomerase, essential for telomerase activity in maintaining telomeres and cell immortalization. Although the 5p15.33 copy number change is uncommon in glioblastoma multiforme, TERT expression correlates with glioma grade and prognosis. 9 We previously reported that a functional hTERT MNS16A genotype is a potential biomarker for assessment of survival outcome of glioblastoma multiforme. 10 Recent data have implicated variation at 5p15.33 (TERT-CLMPTM1L) defined by rs2736098 with risk of multiple tumor types, including lung, 11 bladder, prostate, and cervical cancer and basal cell carcinoma. 12 The 9p21.3 association implicates genetic variation within the CDKN2A/p14(ARF)/CDKN2B tumor-suppressor genes as a determinant of disease risk. The CDKN2A gene encodes p16(INK4A), a negative regulator of cyclindependant kinases, and p14(ARF1), an activator of p53. The CDKN2A/p14(ARF)/CDKN2B gene has an established role in glioma with homozygous deletion in CDKN2A detectable in half of all tumors, and loss of expression has been linked to poor prognosis. 13 Regulation of p16/ p14ARF has been observed to be important for sensitivity to ionizing radiation, the only environmental factor strongly linked to gliomagenesis.
14 Furthermore, germline mutation of the locus, specifically p14ARF, has been reported to cause the melanoma-astrocytoma syndrome. 15 Variation at 9p21 in CDKN2A has also been implicated in the risk of melanoma 16 and basal cell carcinoma. 17 The 20q13.33 association is defined by an SNP within intron 12 of the gene encoding the Rad 3-like helicase RTEL1. Knowledge of the biological characteristics of RTEL1 is limited, but recent work has demonstrated that RTEL1 maintains genomic stability directly by suppressing homologous recombination. 18 The RTEL1 gene has been classified as an important member of the DNA repair pathway by the pathway tool PANTHER (Protein Analysis Through Evolutionary Relationships).
The probable basis for the 11q23.3 association is through the effect on the gene encoding PHLDB1. Although there is no direct evidence of a role for PHLDB1 in glioma, 11q23.3 is commonly deleted in neuroblastoma. 19 Variation at 11q23 has also been implicated in risk of systemic lupus erythematosus. 20 The risk of glioma associated with each of these 5 risk variants is modest (relative risks of 1.2-1.5); however, because they are common, they play a major role in disease predisposition within the population. Moreover, glioma risk increases with increasing numbers of variant alleles for the 5 loci (odds ratio per allele, 1.31; 95% confidence interval, 1.26-1.36; P=1.39ϫ10
), whereby individuals with 8 or more risk alleles have a greater than 3-fold increase in glioma risk compared with those with a median number of risk alleles.
The risk of glioma increases with increasing numbers of variant alleles for the 5 loci. Although these data provide the strongest evidence to date of the role of common lowrisk variants in the etiology of glioma, the SNPs identified Chromosome location of the 5 risk loci identified from the glioma genome-wide association study (GWAS). Each color corresponds to a particular cancer or disease that identified the same region for association from the GWAS.
are unlikely to be candidates for causality. Identifying the causal variant at each specific locus and its biological impact now poses a significant challenge, contingent on a combination of fine mapping and functional analyses.
CONCLUSIONS AND FUTURE DIRECTIONS
Our knowledge of predisposition to glioma is developing. Recent findings show that common variants influence glioma risk and highlight the importance of variation in genes encoding components of the CDKN2A-CDK4-signaling pathway in glioma. Moreover, this pathway, elucidated through the extended interaction network of CDKN2A, incorporates TERT (through mutual interaction with the HSP90 gene) and other genes (including CCDC26) that we have identified as risk factors.
As with other tumors, the advent of the GWAS enables researchers to identify variants that influence an individual's susceptibility to develop glioma. Such studies are at the vanguard of the new technologies that will ultimately offer complete interrogation of genetic variation in the human genome. Identifying the sequence changes responsible for causal associations identified should thus provide insight into the biological mechanisms of glioma, and this may lead to the development of etiological hypotheses regarding nongenetic risk factors. Finally, we hope that a greater understanding of the biological basis of the disease will lead to the development of novel therapeutic interventions. 
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